How clathrin-mediated endocytosis (CME) retrieves vesicle proteins into newly formed synaptic vesicles (SVs) remains a major puzzle. Besides its roles in stimulating clathrin-coated vesicle formation and regulating SV size, the clathrin assembly protein AP180 has been identified as a key player in retrieving SV proteins. The mechanisms by which AP180 recruits SV proteins are not fully understood. Here, we show that following acute inactivation of AP180 in Drosophila, SV recycling is severely impaired at the larval neuromuscular synapse based on analyses of FM 1-43 uptake and synaptic ultrastructure. More dramatically, AP180 activity is important to maintain the integrity of SV protein complexes at the plasma membrane during endocytosis. These observations suggest that AP180 normally clusters SV proteins together during recycling.
Synaptic vesicles (SVs) are principal functional units of the chemical synapse (1) (2) (3) . SVs store and release neurotransmitters from presynaptic terminals in a manner that depends absolutely on precise control by synaptic trafficking machinery (4) . SVs traffic in a cycle composed of exocytosis, recycling and spatial placement of SVs in the synapse to prepare the vesicle for repeated rounds of fusion and fission (5) . Nerve cell communication is sustained only when SVs are properly regulated for rapid recycling (3, 5, 6) . While a number of the molecules regulating SV trafficking have been discovered, many questions about the process remain unanswered.
A major unresolved issue for understanding SV recycling is how SVs maintain their identities and functionality after repeated cycles of fusion and fission. SVs differ significantly in composition from the plasma membrane (PM), notably with their unique sets of vesicular proteins such as vesicular transmitter transporter, calcium sensors and v-SNAREs (7), and SVs must retain their lipid and protein components in order to sustain continuous synaptic function (8) (9) (10) . How SVs accomplish this task will depend on how they interact with the PM during exocytosis. Several complementary models exist to explain reuptake and reconstitution of SVs. One model is 'kiss and run', which postulates that SVs are recycled by closing a fusion pore formed between an SV and the PM following the release of transmitter (11) . This mode is believed to operate during low levels of nerve activity (4) . Because of the transient nature (∼<400 milliseconds) of the fusion pore, kiss and run may not have sufficient time for SV components to intermingle extensively with the PM and thus most likely intact SVs can be readily recycled.
A second model, and the one believed to predominate at most synapses and during high levels of neuronal activity, is that SVs completely fuse with PM during exocytosis (2) . Under such circumstances, the recycling machinery must undergo at least three processes to faithfully reconstitute functional SVs: (i) correct recognition of SV components amid the myriad proteins and lipids in the PM; (ii) sorting and retrieving the SV proteins and (iii) regeneration of SVs on a rapid timescale (on the order of seconds). The general consensus is that synapses utilize clathrinmediated endocytosis (CME) to reconstitute and reform SVs from the PM (4) . CME can reform single SVs from the PM or from an endocytotic intermediate, such as endosomes or cisternae, which form typically via bulk uptake of the PM (12) (13) (14) .
One clear challenge is to understand the mechanism by which CME couples SV reformation with SV protein retrieval. Some insights into this process were revealed in biochemical and genetic studies of proteins involved in CME. Two clathrin accessory proteins, Stoned and AP180, play a role in sorting and retrieving SV proteins (15) (16) (17) (18) (19) (20) (21) (22) . Neither protein is essential for SV recycling but they significantly modulate the rate and fidelity of SV recycling. Stoned is shown to bind directly with the SV protein synaptotagmin I (Syt1) and selectively retrieve it into newly formed vesicles (16, 23) . AP180 participates in the retrieval of the SV protein neuronal synaptobrevin (nSyb) (19, 22, 24, 25) and may also be involved in retrieval of other SV proteins (22, 24) . In the Drosophila AP180 mutant, lap, nSyb and other SV proteins were mislocalized to axonal membranes where these proteins are usually absent (22) . The function of these proteins has also been shown to be conserved in mammals in which perturbation of Stonin (the mammalian homolog of Stoned) and AP180 leads to vesicle protein retrieval defects (17, 24, 26) .
A potential complication of studying the dynamic process of SV recycling in mutant animals is the effect of developmental compensation, which can allow for compensatory proteins to function in order to keep the mutant animal alive. This could mask the interpretation of the direct function of the protein of interest. To circumvent these problems, Davis and coworkers developed a technique to acutely and selectively inactivate molecules involved in CME using fluoresceinassisted light inactivation (FALI) (6, 27) . Here, we use the FALI acute inactivation technique to address the direct consequence of AP180 (LAP, Like-AP180) inactivation on SV recycling, protein sorting and retrieval. Our data show that LAP is necessary during active synaptic transmission for endocytosis, but not exocytosis. We further show that under normal conditions SV proteins are recycled together, but these same proteins diffuse apart from one another after LAP is acutely inactivated. This is likely owing to the absence of LAP binding to one or more of these proteins during endocytosis, as we show that LAP co-immunoprecipitates with a number of different vesicle proteins. We propose a model in which LAP functions to couple CME to the retrieval of multiple SV proteins.
Results

lap4C transgene rescues lap mutants
The synapse is a highly dynamic system with built-in mechanisms to compensate for deleterious perturbations to its function, particularly during development (4). The fundamental role for LAP in CME makes it difficult to separate basic developmental and maintenance functions from specific SV trafficking in lap mutants. Indeed, active zones are mislocalized, and neuromuscular junctions (NMJs) are overgrown in lap mutants, suggesting a developmental role for LAP in the synapse (22) . Therefore, we sought to generate a tool that would allow for the assessment of the acute role of LAP in SV protein sorting and retrieval, separate from its developmental roles.
We took advantage of recent advances in Drosophila genetics to generate flies amenable to acute photoinactivation of a transgenic gene using FALI. This method is a genetically directed approach that enables one to study the immediate, acute inactivation of protein function with high spatial (<40Å) and temporal (<30 seconds) resolution
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Traffic 2014; 15: 433-450 (28, 29) . Two fly labs have implemented FALI, mediated by the membrane-permeable reagent FlAsH-EDT 2 (FlAsH-FALI), to address the role of putative regulators of SV cycling in Drosophila (6, 27, 30) . We generated fly lines containing a transgenic lap consisting of its full upstream and downstream untranslated regions, all intact introns and exons, with either an N-or C-terminal tetracysteine tag amenable to FALI-mediated inactivation along with a FLAG tag (in short lap4C, Figure 1A ). These transgenes, when placed in a lap mutant background, are capable of producing a tagged wild-type LAP protein [ Figure 1B , detectable at the NMJ (not shown)] and rescuing synaptic transmission defects ( Figure 1C ,D) and mutant larval lethal to adult viable.
SV recycling, but not exocytosis, is significantly blocked following acute LAP inactivation LAP in flies (22, 31, 32) , along with its homologs in mammals (24, 25, 33) , the squid (34) and Caenorhabditis elegans (19) , has been strongly implicated in SV recycling. However, previous data have relied on work in systems in which LAP or its homologs are either absent throughout development or where protein levels were substantially decreased for periods of hours or days prior to the experiment. Therefore, it has been difficult to separate non-SV endocytotic functions from the observed recycling defects. FM 1-43 is a dye that becomes incorporated into SVs upon stimulation and is often used as a live indicator of SV endocytosis (35) . To determine whether LAP is indeed necessary for SV endocytosis, we performed experiments where we coupled acute inactivation of LAP with uptake of FM 1-43 following 1 min of stimulation with 90 mM potassium ( Figure 2A ). In control larval NMJs FM 1-43 is observed within synaptic boutons where SVs are localized. However, only small punctae of FM 1-43 dyes are detected within synaptic boutons in LAP-inactivated larvae. These results suggest that SV recycling is severely impaired in the absence of LAP function, a conclusion consistent with earlier studies (22, 31, 32) .
We next addressed whether the defect in SV recycling could be a secondary consequence of impaired SV exocytosis following acute LAP inactivation. In this set of experiments, we used the FM dye variant, FM 4-64, to label SVs as it does not bleach during the 5-min exposure to the 488-nm light used to inactivate LAP. As shown in Figure 2B , potassium stimulation of the motor nerve was sufficient to unload FM 4-64 from synaptic boutons at the larval NMJ following acute inactivation of LAP. Consistently, electrophysiological recordings from the larval body wall muscle showed that evoked transmitter release remained normal immediately following LAP acute inactivation ( Figure 3 ). We note that the 488-nm light treatment caused a significant depolarization of the muscle resting potential, which likely accounts for the small but statistically insignificant reduction in excitatory junction potential (EJP) amplitude in both FlAsH-EDT 2 -treated or untreated larvae (both groups were Clap4C; lap 1 /lap sd3 ).
These imaging and electrophysiological results provide the first evidence that LAP is not required for SV exocytosis, but it functions to sustain SV recycling. (37) . In control flies that do not express the lap4C transgene, synaptic boutons show a typical 'beads on a string' phenotype, and Syt1 is localized within the boundaries of these boutons. The duration of stimulation has little effect on the distribution of Syt1, as at both 1 and 10 min, Syt1 is dispersed within the boutons, with higher immunoreactivity in smaller boutons compared with the larger boutons ( Figure 4A ,B).
In contrast, acute inactivation of LAP greatly alters the distribution of Syt1. Within 1 min, and proceeding through 10 min of stimulation, Syt1 distribution in LAP-inactivated boutons is tightly packed in discrete pockets around the membrane ( Figure 4C ,D) rather than the diffuse appearance of Syt1 in controls. Strikingly, these pockets occasionally also appear to be protruding outward of the bouton ( Figure 4C ,D, white arrows). A close examination reveals that the Syt1-intense packet is not outside the synaptic bouton, as these areas of protrusion are also stained positive for HRP, indicating that they are contiguous with the presynaptic membrane. However, the HRP signal is greatly reduced compared with the bouton proper. To our knowledge, this is the first observation of such outward membrane protrusions following acute inactivation of SV recycling in any synapses. We also observed similar protrusions at NMJs following acute inactivation of clathrin heavy chain (data not shown), suggesting that they are caused by accumulation of SV proteins after initial SV collapse into the PM. We note that electron microscopic studies of the electric ray electric organ and of the rat brain have shown similar protrusions termed pseudopodia, following exocytosis under conditions of rapid stimulation (38) (39) (40) we inactivated LAP and then give a second round of stimulation in the absence of dye, FM 4-64 is exocytosed from the boutons and washed away. Inactivation of LAP has no effect on the ability of the FM dye to be exocytosed. A and B) Protocol for analysis of SV endocytosis and exocytosis using the lipophilic dye FM 1-43 or FM 4-64, respectively. For details, see Materials and Methods. Scale bars = 10 μm. synaptic terminals with Syt1 and a second SV protein, cysteine string protein [CSP (41)], following 1 min of nerve stimulation. In control terminals, Syt1 and CSP staining mostly overlap (although they do not fully overlap; Table 1 ) and show a similar general pattern throughout the NMJ, indicating that these proteins likely traffic as clusters of multiple SV proteins following SV fusion (42) ( Figure 5A -A ). However, in stimulated terminals in which LAP is acutely inactivated, Syt1 and CSP show several unique staining patterns ( Figure 5B -B ). For instance, CSP and Syt1 appear as small punctate at LAP-inactivated terminals, whereas both proteins have a typical diffuse, 'donut-like' appearance in control terminals. Moreover, in LAP-inactivated terminals where Syt1 and CSP overlap, they show striking differences in their respective intensities. Finally, there are areas of the membrane that appear positive for only one of the two proteins, indicating SV proteins codependent distribution may be rapidly disrupted in the absence of LAP activity ( Figure 5B ; arrows in B and B ; Table 1 ). We also examined the distribution of nSyb and CSP after a period of . Following nerve stimulation, the larval body wall NMJ preparation was washed rapidly with Ca 2+ -free HL-3 saline and fixed. The larval NMJs were then stained with antibodies to HRP (neuronal membrane) and to the SV protein, Syt1. In control flies (A and B), Syt1 is found to be localized within the boutons in a typical 'doughnut' pattern. However, when LAP is inactivated (C and D), Syt1 distribution becomes more punctate. These punctate are sometimes localized to HRP-positive areas that appear to protrude outward from the boutons (arrows). Scale bars = 10 μm.
1-min stimulation and found that in the LAP-inactivated synaptic terminals these two SV proteins also diffused more independently than in control (wild-type) boutons (Figure 5C-D ; Table 1 ).
Synaptic membrane protrusions internalize following a period of resting
Our preceding data indicate that LAP is necessary for appropriate distribution of SV proteins at early time points during SV recycling. To understand the time-dependent role of LAP in active nerve terminals, we stained for additional SV proteins over an extended period following stimulation. We examined whether independent diffusion was more pronounced during extended periods (5, 10 and 30 min) following nerve stimulation after LAP had been acutely inactivated. We show that the distribution of synapsin [Syn (43) Table 1 ). Overall, there are more punctate formed in LAPinactivated synaptic boutons and these punctate often do not show same levels of SV proteins.
We next examined the localization of SV proteins in synapses that had been stimulated for 10 min and allowed to rest for 20 min prior to fixation. In synapses in which LAP is active (i.e. with FlAsH), there is a high degree of colocalization between Syn and Syt1 with an SV distribution typical of control synapses (i.e. without FlAsH) ( Figure 6G ). However, in LAP-inactivated synapses the synaptic protrusions are no longer detectable and instead Syn and Syt1 are found in large punctate inside the synaptic boutons, which may represent bulk uptake of SVs ( Figure 6H , arrowheads). There are also membrane areas in which these two proteins do not colocalize well at LAP-inactivated NMJs ( Figure 6H , arrows). These results confirm that LAP is required for co-trafficking of SV proteins during endocytosis and suggest that over time membrane protrusions are internalized. Hence, LAP is critical for the appropriate localization of SV proteins following nerve stimulation, most likely through coupling SV protein uptake to CME. cisternae ( Figure 7A ). The presence of these cisternae has been previously reported as a phenomenon specific to potassium stimulation paradigm (45) . Conversely, in boutons in which LAP was inactivated, we rarely observed normal-sized SVs (∼40 nm). What we did observe falls generally into two categories: (i) boutons packed with multiple intermediate-sized cisternae ( Figure 7B ) or (ii) boutons exhibiting massive SV depletion, but containing very large cisternae and membrane infoldings ( Figure 7C ). We were unable to observe specific outward synaptic protrusions as we observed by immunohistochemistry, but a closer examination of the large cisternae forming from the PM revealed interesting features ( Figure 7D-F) .
The membrane formations we see are different from the bulk membrane formations that form upon clathrin inactivation, which can reach up to 1 μm in diameter and form sheets that appear to fold in upon themselves (30, 27) . By distinction, the formations that appear upon LAP inactivation are single large membrane-bound cisternae. Although much larger than a typical SV, the membrane does not fold in upon itself, but rather balloons inward. Further, these cisternae appear contiguous with the presynaptic PM ( Figure 7E,F) , likely explaining the appearance of FM dye-positive punctate in LAPinactivated boutons in Figure 2 . Most intriguingly, we observed cisternae that contained smaller, electron-dense vesicles that are similar to SVs in size ( Figure 7E ). These observations are consistent with the notion that LAP function is necessary for the reformation of SVs, and in the absence of its function, membrane reuptake is severely altered.
A subset of SV protein distribution is altered in lap mutants
Our previous work and those by others suggest that AP180 plays a role in retrieving the SV protein nSyb into newly formed SVs (19, 22, 24, 35) . Our data from acute inactivation of LAP further suggest that LAP may be coupling SV protein clustering at the PM to endocytosis. These observations raise the possibility that SV protein composition may be altered in the absence of LAP. To test this hypothesis, we separated protein lysate obtained from either control (Canton S, CS) or lap mutant adult heads (from 3-to 5-day-old flies) over 5-25% glycerol density gradients using high-speed centrifugation. The gradients were fractionated into 14 equal volume fractions, and proteins from the individual fractions were probed for SV vesicle components. In gradients obtained from control lysates, SV proteins migrate primarily to fractions 3-6 with a sharp peak ( Figure 8A ). This pattern is consistent with previously published results using a similar protocol (16).
When we probed for SV proteins in gradient fractions obtained from lap mutants, a striking difference emerged. The SV protein migration range is much wider than is the case for controls such that the proteins can be seen to less evenly distribute to fractions 2-7 ( Figure 8B ). We graphed the average migration pattern for individual SV proteins from three independent experiments ( Figure 8C-F) . Again, a sharp peak in fractions 4 and 5 can be seen in controls (solid lines) for each individual protein.
In lap mutants, SV protein migration pattern is varied, with no identifiable peak. To better understand the differences, we used an alternative means to graph the SV distribution over gradients. We divided the fractions into two groups: peak (fractions 4-6) and non-peak (fractions 1-2) ( Figure 8G-J) . We excluded other fractions because the presence of SV protein is negligible in these fractions. In control lysates, for individual SV proteins, 70-80% of the total protein is found in peak fractions, while less than 20% is found in the non-peak fractions. Conversely, in lap mutant lysates, individual SV proteins are primarily evenly distributed between peak and non-peak fractions. Control boutons have uniformly sized SVs, whereas lap mutants display a range of sizes at the ultrastructure level, with a significant proportion of large vesicles (31) . It is possible that the non-peak fractions on our gradients represent these large vesicles if these vesicles contain proportionally less content. These would result in less dense vesicles that would migrate into low-density fractions.
We also plotted the percentage of each SV proteins in three fractions (5, 6 and 7) and observed striking differences in SV protein composition between the wild-type and the lap mutant flies ( Figure 8K ). In fraction 5 the lap mutant has a considerable reduction in nSyb and vGlut but an increase in Syt1, Syn and CSP compared with the control. In fractions 6 and 7, the mutant has severely reduced levels of nSyb, a mild reduction in vGlut but a drastic increase in CSP. Hence, at the population level SVs have significantly altered their protein composition in the lap mutant.
LAP interacts with SV proteins in a saltand detergent-sensitive manner Our data to this point are consistent with a model in which LAP functions to sort and retrieve SV proteins in the endocytic formation of SVs. SV proteins have been shown to remain clustered upon SV fusion with the PM and recycling (42, 46, 47) . We wondered if LAP could recognize membrane areas that are enriched for recently fused SV proteins, perhaps through direct association with these proteins. To determine whether LAP interacts with SV proteins, we used anti-Flag beads to perform co-immunoprecipitation (IP) from 3-to 5-day adult head protein lysates obtained from either control (CS) or flies expressing a genomic Flag-tagged LAP in the absence of detergent. In this method (i.e. without detergent), we should be able to detect all possible LAP interactions taking place either on SVs themselves, on the PM, or in soluble cytosol. We probed the IP pellet with antibodies to several SV proteins, including Syt1, CSP, nSyb, vGlut and Syn. Our experiments show an interaction between LAP and all SV proteins observed in the presence of 150 mM NaCl ( Figure 9A ). We also show that LAP does not co-IP with the SV protein Syn, suggesting that LAP interactions with other SV proteins are specific.
Our co-IP conditions favor LAP pulling down a complex of SV proteins, consisting of either direct protein-protein interactions or as membrane fractions. To determine if LAP interacts with SV proteins in a protein complex, we then increased salt concentrations to disrupt electrostatic interactions between SV proteins ( Figure 9A ). While increasing the concentration of NaCl to 500 mM decreases the presence of SV proteins in the immunoprecipitate, all interactions are still in place. Raising the salt concentration to 1 M only disrupts the interaction between LAP and CSP, NMJs were then stained for a pair of SV proteins Syn and vGlut or Syt1 and CSP. Panels A-D also show HRP-stained NMJs (blue) to mark the neuronal membrane. The stimulation paradigm does not affect SV protein colocalization in wild-type control larval NMJs in which most SV proteins are colocalized although we note that not all SV proteins are fully colocalized even in the wild-type larval NMJs. In contrast, there are more punctate in LAP-inactivated synaptic boutons and SV proteins are often not colocalized in these punctate (arrows). G and H) Following 10 min of stimulation with high K + , nerve terminals were allowed to rest in Ca 2+ -free HL-3 saline for an additional 20 min prior to fixation. Following the resting period, dramatically large punctate can be observed positive for both Syt1 and Syn (arrowheads) in larval NMJs whose LAP is inactivated, while some portions of the punctate within the bouton are positive for only one of the two SV proteins (arrows). The protocol for both control and experimental samples was identical. Scale bars = 10 μm.
but not other SV proteins. These results suggest that LAP interacts with each of these proteins individually or the interaction is membrane dependent.
One concern is the absence of Syn in the LAP co-IP. Syn is not an integral vesicular membrane protein and thus it is possible that Syn has fully dissociated from SVs in our lysates. We deem this unlikely as our fractionation data in Figure 8 show that Syn co-migrates closely with other SV proteins. To address this concern and to examine the protein interactions without the influence of the plasma and vesicular membrane, we repeated our co-IP experiments with increasing concentrations of Tween-20 in the wash buffer ( Figure 9B ). We chose Tween-20 as a detergent because it is strong enough to solubilize membranes but gentle enough to still retain native protein function and structure. Tween-20 at concentrations of 0.5 and 1% did little to disrupt LAP interactions with SV proteins. However, raising the detergent concentration to 5% disrupted or severely reduced all LAP interactions, except with LAP itself, vGlut and Syt1. These results suggest biochemical mechanisms by which LAP helps retrieve SV proteins during endocytosis.
Discussion
Our studies of SV trafficking following acute inactivation of LAP have revealed a number of important findings, some of which have also confirmed our previous reports. First, we show for the first time that inactivation of LAP does not affect SV exocytosis. This is not unexpected but important because previously we showed that SV recycling as well as exocytosis were dramatically impaired in the lap mutant. But we could not discern whether the defect in endocytosis caused the reduction in transmitter release or the other way around. Our new data obtained from acute inactivation experiments clearly show that LAP does not function directly in SV exocytosis and lend a strong support to our early conclusion that lap mutations indirectly impact SV exocytosis. While these fractions also contain SV proteins in lap mutants, these proteins are also seen to migrate into the less dense fractions 1-7. C-F) Graphical representation of data in A and B. Protein density was measured using IMAGEJ. Data are plotted as the percentage of protein in each fraction to total protein level for each respective protein. G-J) To determine the percentage of protein found in either peak (4-6) or non-peak (1-2) fractions, the protein density was summed for their respective fractions and plotted as a percentage of total protein in all fractions. Although ∼70-80% of the total SV protein is found in peak fractions of control lysates, only ∼50% of total SV protein is found in these fractions of lap mutants. Conversely, less than 20% of total SV protein is found in non-peak fractions of control flies, whereas ∼40% is found in these fractions of lap mutants. K) Histogram plots of percentage of SV proteins in fractions 5-7. These data show clear differences in SV protein compositions between the control and the lap mutant.
Second, we present the evidence that in the absence of LAP function SVs fused into the PM have dramatic effects on the morphology of the PM. For the first time we observed the outward membrane protrusion formed after blocking LAP function, suggesting that SVs collapse into the PM and some of the newly added membranes have to expand outward. Earlier electron microscopic studies of electric ray and rat brain synapses have reported pseudopodia formation following high activity of neurons (39) . In these studies, the investigators could not discern why pseudopodia formed, but our study suggests that pseudopodia are a temporary consequence of inefficient SV recycling.
Third, and most interestingly, we have observed dissociation of SV proteins following LAP inactivation and the formation of large punctate that may correspond to the large cisternae observed in our ultrastructural examinations. The loss of SV protein clustering in the absence of LAP supports our earlier observations that some SV proteins are mislocalized to axonal membranes where SV proteins are usually absent. It also raises the possibility that LAP plays a role in clustering, sorting and retrieving a subset of SV proteins during endocytosis. This conclusion is consistent with the finding that mammalian AP180 binds and sorts synaptobrevin/VAMP2 (24) . Further, membrane bending requires the direct action of proteins (48) . The ANTH domain of LAP has long been postulated to have membrane bending properties (49-51). More recently, AP180 has been suggested to accomplish the task of membrane bending through the novel mechanism of protein crowding (52) . Protein crowding, combined with our protein interaction data herein, fits a model in which LAP binding to multiple proteins helps stabilize clathrin-coated pit assembly to overcome a high energy barrier that may otherwise preclude productive endocytosis during SV recycling (53) . Despite the stringency of our co-IP conditions, Increasing the concentration of the detergent to 1% does little to disrupt these interactions. However, a further fivefold increase in the detergent disrupts LAP interaction with all SV proteins except vGlut, Syt1 and nSyb (weakly). These interactions are also significantly weakened by higher detergent concentrations.
we cannot discount the possibility that LAP does not directly bind all the SV proteins we identified. Koo et al. identified only synaptobrevin/VAMP2 as an interacting partner of mammalian AP180 (24) , and this may also be the case in C. elegans (19) . Nonetheless, we clearly show that SV protein clustering is more disrupted in the absence of LAP activity, and we postulate that this is owing to the absence of interaction between LAP and one or several SV proteins ( Figure 10 ).
It is also interesting to note that there are some differences in SV protein localization in the lap mutant (22, 31) compared to those undergone acute LAP inactivation (this study). Specifically, there is no protein aggregate observed in the lap mutant. We believe that these aggregates In mode 1, LAP could retrieve a subset of SV proteins through interaction with a membrane patch (equivalent to lipid rafts). In mode 2, LAP could directly bind to vGlut, which in turn binds to other SV proteins or a membrane patch. In mode 3, LAP could directly interact with a subset of individual proteins. Our data with increased salt and detergent concentrations seem to favor mode 2.
are bulk membrane uptake of SVs, which are detected in transmission electron microscopy micrographs. The formation of protein aggregates likely reflects nerve activity levels. As shown in Figure 6G ,H, following a 20-min resting period SV proteins become more evenly distributed inside synaptic boutons compared to the images obtained immediately following nerve stimulation in Figure 6B ,D,F. These results suggest that over time, after intense nerve activity, aggregates are reorganized into individual SVs (a major pathway for bulk uptake of SVs). In previous publications, we probed SV protein localization in synaptic boutons of the lap mutant, which also has severe exocytotic defects. Alternatively, developmental compensation may reduce the chance for the formation of such aggregates in the lap mutant. In the lap mutant we observed a small increase in the number of cisternae but frequency of cisternae is lower and the size is generally smaller than what we have observed, shown in Figure 7 , in which LAP is acutely inactivated. These differences may account for the lack of aggregates in the lap mutant.
Fourth, it should not be a complete surprise that the nerve terminal fails to recycle certain SV proteins in the absence of LAP if LAP is required to retrieve them into newly formed vesicles. Our membrane fractionation studies suggest a change in vesicle protein distribution, and particularly the altered stoichiometry of SV proteins in lap mutants. These results suggest that the SV composition may indeed be altered without LAP. This change in SV identity could explain the dramatic defect in SV functionality.
Finally, we have obtained biochemical data suggesting that LAP has high affinity binding to the SV protein vGlut, relatively moderate affinity for the SV protein Syt1 and nSyb, low affinity for the SV protein CSP and no interaction at all with the SV protein Syn. Although we have not identified which specific interaction or interactions are directly responsible for protein bundling/crowding, we postulate three different modes by which LAP may interact with these SV proteins ( Figure 10 ). In mode 1, LAP could retrieve a subset of SV proteins through interaction with a membrane patch (equivalent to lipid rafts). In mode 2, LAP could directly bind to vGlut, which in turn binds to other SV proteins or a small patch of membrane. In mode 3, LAP could directly interact with a subset of individual proteins. Our data with increased salt and detergent concentrations seem to favor mode 2. These LAP and SV protein interactions likely provide the molecular mechanisms by which LAP sorts and retrieves SV proteins to reconstitute and recycle SVs through CME.
Our data show that SV proteins are not fully colocalized even in wild-type synapses. Although we cannot claim that our observation is not partly due to our experimental conditions (e.g. an artifact of fixation), we rather speculate that the dissociation of SV proteins normally occurs following intense nerve stimulation owing to saturation of the retrieval machinery. We believe that this interpretation is consistent with earlier reports that non-heterogeneous pools of SV proteins reside on the PM (54) (55) (56) , and that this observation may be partly due to intense stimulation conditions (42 Hence, blocking SV recycling alone is insufficient to cause dissociation of SV proteins.
Our study reveals the first in vivo evidence that SV composition may be altered in the absence of AP180 and offers additional molecular mechanisms by which AP180 retrieves SV proteins during reformation of SVs through CME. We do not understand why LAP has the strongest interaction with vGlut in flies, whereas AP180 or CALM does not interact with vGlut in mammals. Nonetheless, our results reinforce the importance of AP180 in maintaining SV protein composition and hence SV functionality in the vesicle cycle.
We show for the first time that acute disruption of a critical endocytic protein, prior to potential compensatory actions, immediately disrupts SV recycling and SV composition. This finding provides new insight into the link between AP180 and Alzheimer's disease progression (22, 58) . AP180 levels are reduced in the brains of Alzheimer's patients (59, 60) , and a recent genome-wide association study linked the AP180 homolog PICALM as a risk factor in Alzheimer's disease (61) . We believe that our findings here may help explain the earliest links between onset of neurodegenerative disease and long-term cognitive dysfunction, and therefore the study of AP180 in SV protein retrieval can help advance the understanding of the synaptic defect in Alzheimer's disease.
Materials and Methods
Fly strains
All stocks were maintained on standard cornmeal medium at 25
The following Drosophila stocks were used: lap sd3 /TM6B,Tb (22, 62) ; lap 1 /TM6B,Tb (31); CS and Nlap4C or Clap4C (see below for details on generation of these transgenic lines). All stocks were maintained in the PI lab and some were also available at the Bloomington Drosophila stock center.
Generation of lap4C lines
The Clap4C and Nlap4C parental stocks were generated via recombineering as follows: A P(acman) clone containing the fulllength genomic lap [P(acman)-lap], including an extra 6 kb upstream and downstream to include potential regulatory elements, and a w + transgene, was identified using the online resource, www.pacmanfly.org, and obtained from CHORI (Oakland, CA). A polymerase chain reaction fragment coding for Flag and a tetracysteine cassette (4C) was generated and, using homologous recombination, inserted into either the N-or C-terminal of LAP (Nlap4C and Clap4C, respectively) as previously described (63) . The modified lap transgenes were injected into w − flies and incorporated into the left arm of chromosome 2 using site-specific integration via PhiC31 integrase-mediated site-specific transgenesis (Genetivision). Positive transgene insertions were identified by the presence of rosy eyes and maintained as stocks. Clap4C and Nlap4C flies were balanced on the third chromosome and crossed into a lap null mutant background to generate the following flies: Nlap4C; lap 1 /lap sd3 and Clap4C; lap 1 /lap sd3 .
FlAsH-FALI
We followed the methods described by Davis and coworkers (6, 27) and Verstreken and coworkers (30 
Electrophysiology
The standard third instar larval body wall preparation was used for electrophysiological recordings (31, 61) . The preparation was bathed in HL-3 solution. Muscle synaptic potentials were recorded using an Axon Clamp 2B amplifier (Axon Instruments) and acquired by a Dell PC computer equipped with pCLAMP software. For photoinactivation, the preparations were exposed to epifluorescent light filtered at 488 nm through a 60× water immersion objective (Olympus). saline, and the remaining dye was imaged using a 63× water immersion objective on a Zeiss AxioImager.Z1m microscope using a GFP filter set.
For experiments measuring exocytosis of FM dye, 10 μM FM 4-64 was loaded for 1 min using 90 mM KCl Jan's solution prior to photoinactivation. Following photoinactivation with epifluorescent light filtered at 488 nm, the preparation was quickly imaged to ensure the FM 4-64 had not bleached and then unloaded by 5 × 2 min washes in Ca 2+ -free HL-3 saline. The preparation was then imaged a second time to measure any remaining dye.
Generation of dVGlut and nSyb antibodies
Synthetic peptides against dVGlut (amino acids 614-632: C YGYTQGQMPSYDPQGYQQQ) and nSyb (amino acids 26-44: C PAGEGGDGEIVGGPHNPQQ-amide) were generated commercially and used to generate polyclonal antibodies in rabbits through YenZym™ antibodies, LLC (www.YenZym.com). Crude sera were affinity-purified and quality controlled by western blot and immunocytochemistry.
Immunohistochemistry
Third instar larval NMJ preparations were prepared as indicated for 
Electron microscopy and analysis
Third instar NMJ tissues were processed as previously described (66 magnification. Negatives were digitized using an Epson Perfection V700 scanner at 1500 dpi. Figures were prepared from raw images and adjusted for brightness and contrast, scale calibration, using Photoshop (Adobe).
Co-immunoprecipitation
Adult fly heads were isolated from wild-type CS and transgenic Nlap4C flies. A total of 2.5 mL of whole flies was flash frozen in liquid nitrogen, vortexed and passed first through a small sieve (no. 25, 710 μm, Precision Eforming, LLC) to allow for separation of fly heads and then through a second sieve (no. 40, 425 μm, Precision Eforming, LLC) to isolate heads from wings and legs. The heads were transferred to a 1.5-mL conical tube and, using a pestle, homogenized in 100 μL of lysis buffer [10 mM Hepes, 0.1 mM MgCl 2 , 150 mM NaCl, 5 mM NEM, 2 mM phenylmethylsulfonyl fluoride and Protease Inhibitor Cocktail (Roche)] and spun at 13 000 rpm (17,949 × g) for 15 min at 4
• C. The spin was repeated, and 50 μL of the supernatant was taken for input, while the remaining lysate was subjected to IP. The lysates were precleared with mouse IgG agarose beads (Sigma) for 2 h at 4
• C followed by incubation with anti-Flag M2 affinity gel (Sigma) overnight at 4
• C. Anti-Flag beads were spun at 5000× g for 30 seconds
and 100 μL of supernatant was removed with a narrow-end pipette. The gel was washed thrice with 500 μL lysis buffer with protease inhibitors allowing time for beads to settle after each spin. Elution of Flag proteins was performed by competition with a Flag peptide. Hundred microliters of 3× Flag elution solution (150 μg/mL) was added to resin and incubated for 30 min with gentle shaking at 4
• C. The sample was centrifuged at 8200× g for 30 seconds, supernatant was removed and diluted 20 μL in sample buffer. Input, supernatant and immunoprecipitate samples were diluted in SDS sample buffer to a 1× final concentration. NaCl or Tween-20 was added to the lysis buffer to reach the final concentrations used in our experiments.
Density gradient fractionation
The fractionation protocol was adapted from Phillips et al. (16) . Briefly, ∼0.1 g of heads was collected from 3-to 5-day-old adult CS flies or 3-to 5-day-old lap mutant flies (lap 1 /lap sd3 ). The heads were homogenized in 500 μL of buffer A (150 mM NaCl, 10 mM Hepes, pH 7.4, 1 mM EGTA and 0.1 mM MgCl 2 ) using 20 strokes in a glass-glass homogenizer. The lysate was rotated end-over-end for 20 min at 4
• C and centrifuged at 1000× g for 10 min at 4
• C. A total of 150 μL of the resulting supernatant was layered over a 5-25% glycerol gradient on a 50% sucrose pad and centrifuged at 50 000 rpm (213,818 × g) for 30 min at 4
• C in a TLS-55 rotor (Beckman Coulter). Fifteen fractions (∼133 μL/fraction) were collected from the bottom and diluted in SDS sample buffer.
Western blot
Following dilution in SDS sample buffer, proteins were separated by SDS-PAGE, transferred to nitrocellulose and detected using the following 
Colocalization analysis
The original acquisition images were opened in IMAGEJ in separate channels, and a region of analysis (ROI) was drawn around individual boutons. Following input of the point spread function, colocalization analysis was performed using the Coloc 2 plugin within the ROI in separate Z-sections. The percentage of colocalization for each individual bouton (20-30 per condition) was input into GRAPHPAD PRISM 5 and the software was used to run one-way analysis of variance (ANOVA) with a Bonferroni post-test to evaluate statistical significance.
Statistical analysis
Statistical analysis was performed using GRAPHPAD PRISM Software.
Statistical significance was calculated using one-way ANOVA followed by Tukey's post-test. Significance is indicated with asterisks: *p < 0.05; **p < 0.01; ***p < 0.001.
